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ABSTRACT
This document reports on initial activities at ORNL aimed at quantitative characterization of porosity development in oxidized graphite specimens using automated image analysis (AIA) techniques. A series of cylindrical shape specimens was machined from nuclear-grade graphite (type PCEA, from GrafTech International). The specimens were oxidized in air to various levels of weight loss (between 5 and 20 %) and at three oxidation temperatures (600, 650 and 750 o C). The procedure used for specimen preparation and oxidation was based on ASTM D-7542-09. Oxidized specimens were sectioned, resin-mounted and polished for optical microscopy examination. Mosaic pictures of rectangular stripes (25.5 mm x 0.4 mm) along a diameter of sectioned specimens were recorded. A commercial software (ImagePro) was evaluated for automated analysis of images. Because oxidized zones in graphite are less reflective in visible light than the pristine, unoxidized material, the microstructural changes induced by oxidation can easily be identified and analyzed. Oxidation at low temperatures contributes to development of numerous fine pores (< 100 μm 2 ) distributed relatively uniformly over a certain depth (5-6 mm) from the surface of graphite specimens, while causing no apparent external damage to the specimens. In contrast, oxidation at high temperatures causes dimensional changes and substantial surface damage within a narrow band (< 1 mm) near the exposed graphite surface, but leaves the interior of specimens with little or no changes in the pore structure. Based on these results it appears that weakening and degradation of mechanical properties of graphite materials produced by uniform oxidation at low temperatures is related to the massive development of fine pores in the oxidized zone. It was demonstrated that optical microscopy enhanced by AIA techniques allows accurate determination of oxidant penetration depth and of distribution of porosity in oxidized graphite materials.
BACKGROUND
The Next Generation Nuclear Plant (NGNP) will be a high-temperature gas-cooled reactor (HTGR) of modular construction, either prismatic or pebble-bed type. Graphite is a major structural component for the moderator and the core structures. Although all precautions are taken to ensure the purity of the cooling gas (helium), small quantities of oxidizing impurities (water vapor, oxygen) are unavoidable in the gas primary circuit. Although such impurities may never exceed the concentration of several parts per million by volume (ppmv), their long term oxidizing action and the effect on the integrity of structural graphite (and on the fuel matrix carbon) must be known.
It is known that the mechanical properties of graphite are severely reduced by oxidation in a variety of environments [1, 2, 3] . Graphite may suffer structural degradation via long term oxidation by impurity gases during normal operation conditions, or during uncontrolled oxidation in an air ingress accident leading to loss of coolant.
Low level of porosity is inherent to nuclear graphite; it results either from dimensional shrinking of graphite and coke, or from entrapment of gases released during thermal processing. As a microstructural component, graphite porosity plays an important role in the dynamics of fracture processes. On one hand, favorably oriented pores may be the place of crack initiation under low stress levels. On the other hand, crack propagation and growth may be influenced by the spatial relationship between large pores and pre-existing cracks. Although many types of pores, with various shape and size, are present in the graphite structure, it is generally agreed that large, slit-shaped pores are the most damaging to the graphite integrity [4] . Initiation of fracture cracks and propagation of cracks to sub-critical length before catastrophic failure are components of theoretical models of graphite fracture [5] . However, when a component of the graphite structure (of which the binder has the weakest oxidation resistance) is gasified through oxidation, it is conceivable that, along with density variations, the material's microstructure and basic strength properties would be affected [6, 7] .
It is generally accepted that the dominant mechanism of graphite oxidation varies with the temperature [8] . Oxidation is controlled by the kinetics of the chemical process at low temperatures, but becomes diffusion-limited at high temperatures, and is strictly limited to mass transfer in the boundary layer at very high temperatures [9] . The temperature ranges specific to each of these mechanisms are not well defined [10] and are affected by sample's size and geometry [11] . When the rates of oxidation are slower than those of in-pore diffusion, oxidation is under kinetic control, and the oxidant penetrates deeper into the bulk of material, leading to (almost) uniform oxidation of specimens. Although with extremely slow rate, this mechanism of oxidation may cause extensive damage of material's strength, because it extends deep into the bulk of graphite. As the temperature goes higher and the rate of reaction accelerates, diffusion rate becomes the controlling factor and the penetration depth of the oxidant gradually diminishes. This leads to narrow oxidation zones limited to a thin layer at the graphite exposed surface, and leaves the bulk of material practically unchanged. Consequently, in spite of evident surface damage, the mechanical strength of the core material may not be seriously affected.
PREVIOUS RESULTS OF GRAPHITE OXIDATION RESEARCH AT ORNL
During 2006-2009, ORNL led topical activities within ASTM International for establishing a new standard test method for characterization of air oxidation of graphite and manufactured carbon. The test method was drafted by ORNL based on a quality control procedure used by GrafTech International Ltd. The inter-laboratory tests, used for evaluation of the precision and bias, were conducted by ORNL and demonstrated good levels of statistical reproducibility and repeatability. The new test method was balloted and accepted both in the D02-F0 subcommittee and in the D02 committee of ASTM International, and has been given the designation D-7542-09: "Standard Test Method for Air Oxidation of Carbon and Graphite in the Kinetic Regime". The results of this test method help discriminate between carbon and graphite materials with different oxidation resistance. They can also be used for quality control purposes or for prediction of oxidation rates in air as a function of temperature, in conditions where oxidation is in the kinetic regime.
In parallel with the regulatory activity, research was initiated at ORNL on the mechanism of graphite oxidation, aimed at understanding the relationship between oxidation resistance and specific material properties of nuclear graphite.
Using direct density measurements (by layer peeling and physical measurements) the density profile of graphite specimens was measured after oxidation in air at various temperatures but at equal weight loss [10] . A larger than expected effect of oxidation conditions (temperature) was found on the density profile of oxidized samples. For specimens oxidized at low temperatures the oxidation zone extends some 10 -12 mm deep from the surface, while at high temperatures it is very narrow (< 1 mm). Such differences cannot be detected by measurement of the overall oxidation rate. It was concluded that direct density measurements prove that the transition between homogeneous oxidation (kinetic regime) at low temperature and surface-limited oxidation (in-pore diffusion regime) is gradual with the increase in temperature. However, the direct method used for these density measurements was both very tedious and destructive.
In search of a non-destructive method for evaluation of density changes in oxidized graphite, researchers at ORNL have recently advanced a method based on acoustic microscopy combined with image analysis. The study was carried out in collaboration with Dr. [12] . They demonstrate the validity of the method based on scanning acoustic microscopy with image processing for revealing density differences between oxidized zones in graphite. However, in order to increase the confidence level the method must be refined and supported by a larger number of examples.
In continuation of these efforts directed at modeling the oxidation process, an analytical procedure for calculation of penetration depth of the oxidant during transient oxidation conditions was recently proposed with help from Dr. Robert Wichner's external collaboration [13] . A short letter containing the results has been very recently accepted for publication [14] . Although based on several simplifying approximations, the analytical method predicts the development of non-uniform oxidation profiles by oxidation with water vapor or oxygen, their time evolution to a steady state condition, and the effect of temperature. The oxidation depths calculated in this simplified model were in fair agreement with our previously reported data from direct density measurements [10] .
The remaining of this report presents the first results on development of porosity in oxidized graphite, obtained through optical microscopy enhanced with automated image analysis techniques.
POROSITY DEVELOPMENT BY AUTOMATED IMAGE ANALYSIS TECHNIQUES
SPECIMENS
The material selected for analysis of porosity development was nuclear grade graphite (PCEA) from GrafTech International Ltd. A billet of PCEA graphite was purchased by ORNL. The billet was cut as shown in Figure 1 . A slice (marked # 2 in Fig. 1 ) in the center of the block was purified by gas extraction for removal of trace impurities. The ORNL contact for details on this material is Mr. Joseph Strizak.
The as-received material contained metal impurities (V, Fe, Ni, Ti, Ca, Al) which needed to be removed because of their catalytic effect on oxidation. The test specimens used for oxidation studies reported here were machined from the gas-purified slice. After purification, the major impurities remaining in graphite were Si (1.5 ppm wt), S (4.6 ppm wt), P (0.22 ppm wt), V (0.28 ppm wt) and Mo (0.35 ppm wt). The impurity content is based on glow-discharge mass-spectrometric analysis (GDMS) done at Shiva Technologies in Syracuse NY. The graphite specimens used for oxidation studies were machined at ORNL according to specifications of ASTM D-7542-09. All test specimens were machined dry (no lubricants were used) with iron-free tools. All specimens have standard size and shape (cylinders, 25.4 mm diameter, 25.4 mm height) as shown in Fig. 2 , b.
OXIDATION PROTOCOL
The specimens were oxidized in air using the protocol recommended by ASTM D-7542-09. The equipment used was the vertical furnace specially built at ORNL for conducting air oxidation studies. The same equipment was used to generate results for the inter-laboratory studies of this standard method. The procedure and the method of calculation are described in the research report of the interlaboratory study, available from ASTM International as RR: D02-1663. Further details on the ASTM method are available in ref. [15] .
Three oxidation temperatures were selected for producing specimens: 600, 650 and 750 o C. At each temperature, specimens were prepared at four levels of oxidation, namely 5, 10, 15, and 20 % weight loss (compared to the initial weight before oxidation). A set of 12 specimens oxidized at various levels and at different temperatures was thus obtained for image analysis of oxidation effects on porosity.
In addition, a pristine (unoxidized) specimen from the same lot was used for comparison of the structure.
PHYSICAL PROPERTIES
Physical measurements were taken before and after oxidation ( Table 1 ). The average bulk density of unoxidized PCEA specimens is 1.79 g/cm 3 . The material loss caused by oxidation produces a decrease in bulk density of specimens. Selected information from Table 1 is represented in graphic format in Figures 3 and 4 . Figure 3 shows the variation of density with weight loss for graphite specimens oxidized at the three temperatures. The quasi-linear decrease in density after oxidation at 600 and 650 o C is consistent with uniform loss of material accompanied by minimal size variations. This is the evidence that density changes during oxidation were relatively uniformly distributed in the volume. On the contrary, for the specimens oxidized at 750 o C, the leveling of density values (at levels higher than of other samples) between 5 and 20 % weight loss show that oxidation was accompanied by corrosion of the external surface. Together with the dimensional changes recorded after oxidation, this result shows that the weight loss is limited to a very narrow surface layer for specimens oxidized at 750 o C (regardless of the degree of oxidation). Indeed, surface damage was visible for all specimens oxidized at 750 o C, but was not detectable after oxidation at lower temperatures. o C reflect the uncertainty in size measurements for surfaceoxidized specimen, whose surface becomes very friable and corroded after oxidation. o C shows the increase in the fraction of unoxidized core of specimens, where the density change was minimal. At these temperatures, oxidation is accompanied by erosion of the outer surface, where most of the weight loss occurred.
OPTICAL MICROSCOPY OBSERVATIONS
For examination by optical microscopy, the specimens (both oxidized and unoxidized) were cut at about 1/3 of their length. The shorter pieces were encased in resin and the inner surface exposed after cutting was polished using several grades (from coarse to fine) of alumina powder.
Several hundred optical photomicrographs were recorded at 200 x magnification along the diameter of each specimen. A Nikon Microphot FXA (Japan) optical microscope was used. The microscope is equipped with motorized stage and autofocus control. The Leica Application Suite version 3.1.0 (Leica Microsystems CMS GmbHm Switzerland) was used for digital image acquisition. All individual images were recorded on a monochromatic 8 bit grey scale. In this scale a pixel with a value of 0 is the total black, and a pixel with value of 255 is the absolutely white. All intermediate pixel values describe different shades of grey, from dark grey (low pixel values) to light grey (large pixel values). Individual images were assembled in a rectangular mosaic image which covered an area of (usually) 25.5 mm x 4 mm, along a diameter across the specimens (25.4 mm before oxidation).
IMAGE ANALYSIS OF OXIDIZED SAMPLES
The mosaic images of oxidized graphite (and of a pristine sample for reference) were analyzed using the ImagePro Plus software version 6.3.0.512 (Media Cybernetics Inc.).
The first step of image analysis is spatial calibration, in order to set the measuring units of the system. A reference ruler was used for calibration, with traces separated by 0.1 mm and 0.02 mm. This made it possible to work with real distances rather than conventional pixel units.
The next step was to enhance the contrast of each individual image in order to improve the ability of extracting objects. The automatic contrast enhancement function of ImagePro was used for consistency of results.
Next, the histogram analysis of each image was performed. Histograms illustrate the distribution of shades of grey in a graphical form, showing the frequency of pixel distribution along a scale of brightness intensities ranging from 0 (black) to 255 (white). The surface of optically polished graphite is in general reflective for visible light and appears bright, with correspondingly high pixel values. Porosity preexistent in graphite does not reflect visible light and is visible as grey (and sometimes black) zones. Similarly, the porosity and surface roughness created through oxidation appear as areas with low reflectivity, namely grey zones with lower than average pixel values.
Using histogram analysis of images collected before and after oxidation, or of images at various levels of oxidation, makes possible identification of effects introduced by oxidation, and segmentation of images based on objective criteria. The oxidized layer was easily identified visually as a somewhat darker zone extending a variable length from the edge of oxidized specimens. This allowed extraction of visual images of pores only, and analysis of pore sizes and spatial distribution along the specimen diameter. After analyzing and comparing numerous images, it was found that the modifications introduced by oxidation are essentially in the range of grey tones. These modifications were identified as peaks (or shoulders) on the histogram at pixel values below the median level. An example is shown in Figure 5 , which compares histograms for a sample before oxidation and for samples oxidized at 20 % weight loss and at three different temperatures. In addition, line profile analysis was used to collect actual pixel values in a line defined along the specimen's diameter. To lower the statistical noise, the line was "thickened" to a horizontal profile covering a large sample area (3500 -4000 pixels). This analysis provides clear evidence of spatial distribution of grey areas (low pixel values associated with oxidized zones) near the edges of the specimen. In other words, line profile analysis is a measure of the degree of spatial uniformity of oxidation, which can be correlated with the penetration depth of oxidant under given oxidation conditions. An example of results of line profile analysis is shown in Figure 6 for the same set of samples as in Fig. 5 . Before oxidation, the pixel values measured along the diameter of a 25.4 mm specimen were constantly near the 200 level, characteristic for the reflectivity of polished graphite. After oxidation, only some pixels in the center of the specimens are close to the 200 level. The oxidized zone, located near the edges, is about 1 mm thick after oxidation at 750 o C, about 5 mm after oxidation at 650 o C, and completely penetrates to the center of the specimen (12.5 mm) after oxidation at 600 o C. Next, the images were segmented based on histogram analysis in order to extract objects associated with porosity introduced by oxidation. The histograms were cut at an upper level of grey intensities located just before the peak of bright intensities caused by the normal reflectivity of polished graphite (Fig. 5) . Segmentation of histograms was made manually, with slight adjustments between samples, but in general the upper limit selected was in the range of pixel values 120 -140.
The objects found in the selected range of grey intensities were then counted and measured. The measurements comprised area, perimeter, and aspect ratio. The minimum pixel size for the microscope images had an area of 41 μm 2 . This was the minimum object (pore) area that could be identified. Figure 7 shows mosaic images of pristine (not oxidized) graphite. Figures 8 -11 show similar images for specimens oxidized at four different levels of oxidation (5 to 20 % weight loss) and three different temperatures. In the next analysis step, the pores created by oxidation were counted and classified. The histogram was segmented and the peak(s) corresponding to grey areas representing pores were selected. This procedure isolates less reflective objects, actually portions of the graphite surface associated with various types of porosity (both intrinsic to graphite structure and introduced by oxidation). The objects isolated in the preceding step were then counted and measured. The total number of objects selected by this method varied between 20,000 for pristine graphite and 70,000 for specimens heavily oxidized at low temperatures. Because the selection also included some large dark areas from the resin exposed to the exterior of graphite specimens, the latter objects were identified and eliminated. The remaining objects were then analyzed statistically and classified by their area. It was found that a classification in three groups (Table 2) is both meaningful and fast. The three groups (Table 2) were marked with different colors in the mosaic pictures shown in Figures 12 -16 . The most numerous class is color-coded pink in these figures and comprises fine pores (mean area 57 μm 2 ), which represent 85-90 % of the total number of objects (pores) for all specimens analyzed. In the second class, color-coded blue, are grouped objects (pores) with a mean area of 780 μm 2 , and representing about 10-15 % of the total number. Lastly, a third class (color-coded green) consists of a very small number of very large objects (mean area 56,000 μm 2 ) which represent < 1 % of the total. The line profiles and the histograms corresponding to each image are also shown in next figures. The scale bar length is 1 mm. Examination of Figures 12 -16 shows the following main trends:
PRELIMINARY RESULTS FROM AUTOMATED IMAGE ANALYSIS
• First, oxidation seems not to enlarge or multiply the pores already present in the graphite structure. These pores are large in size and originate from shrinking of graphite and coke or from gas entrapment during thermal treatment.
• Second, oxidation is accompanied by development of numerous fine pores, located preferentially at the edges of oxidized specimens, i.e. in the areas previously identified as penetrated by the oxidant. The number of fine pores, which are present in a small amount in the pristine sample, increases dramatically in the oxidized samples.
• For samples oxidized at low temperatures (600 -650 o C), the zone with high density of fine pores extends deeply in the volume of the specimen. For these samples, some gradient in the density of fine pores is visible over distances as large as 5-6 mm. The depth of oxidized layer is narrower at 650 o C (compared to 600 o C) and narrows even more (< 1 mm) at 750 o C. For the latter, the specimen edge becomes very irregular and rough.
The next two figures show statistical information on the pore groups identified on oxidized specimens. In Figure 17 the distribution of pores between the three classes is plotted as percentage of the total number of pores. In all samples, the fine pores (class 1) dominate the porosity with more than 80 % of total number, followed by medium size pores (class 2) which represent 10-15 %; the very large pores (class 3) represent under 1 % of total. In this analysis, the differences between the pristine sample and oxidized samples are minor: in most cases, oxidation causes a slight increase in the percentage of medium size pores (class 2) at the expense of fine pores (class 1). Table 2 . Table 2 . Oxidized PCEA -5 % weight loss A different conclusion emerges from Figure 18 , which shows the distribution of pore density (pores / mm 2 ) in the three classes of pores at various oxidation levels and temperatures. Compared with the pore density of the pristine sample, oxidized samples have larger pore densities at all levels of oxidation and all temperatures. The largest increase is seen for fine pores at low oxidation temperatures (600 -650 o C) and low levels of oxidation (up to 15 %). For specimens oxidized in these conditions, the density of fine pores is up to 4 times (or more) larger than the density of the same size pores in the unoxidized specimen. The increase in the density of medium size pores (class 2) is also significant (compared with the unoxidized sample). As the oxidation temperature increases (750 o C) the density of fine pores decreases in comparison with the same size pores on specimens oxidized at lower temperatures. Significantly, the distribution of pore density on specimens oxidized to 20 % weight loss resembles that of the unoxidized specimen, with a notably close similarity for the specimen oxidized at 750 o C. This finding is in close agreement with the oxidation mechanism at 750 o C, where oxidation causes surface corrosion and dimensional shrinkage, but leaves the core basically unaltered.
In conclusion, optical microscopy combined with image analysis confirms that oxidation at low temperatures spreads almost uniformly throughout the volume of the specimens, and produces no apparent external damage. On the other hand, oxidation at high temperatures causes substantial damage in a narrow surface band, accompanied by erosion and dimensional changes, but leaves the interior of the specimens with little or no changes in the pore structure.
DISCUSSION: OXIDATION EFFECTS ON MECHANICAL STRENGTH
There is a definite need of more experimental data on the effect of pore development caused by thermal oxidation on the mechanical properties of graphite [16] . This knowledge is important for prediction of mechanical strength changes caused by development of porosity during oxidation, and for evaluation of integrity and lifetime of HGTR graphite components in real operation conditions. Several experimental techniques are available for evaluation of porosity in graphite. Among them, mercury intrusion porosimetry and gas adsorption techniques are limited to open pores only. They provide the average distribution (by size) of pores, but are not specific to spatial location of pores in the oxidized material. Other methods based on indirect measurements of density distribution (X-ray tomography, acoustic microscopy) provide maps of both open and closed porosity, but require extensive calibration against standards. Direct density measurements (by layer peeling of oxidized specimens) are tedious and do not give microstructural information on porosity.
Direct microscopic techniques -optical microscopy (at low and medium magnification) and electron microscopy (at high and very high magnification) -afford direct observation of porosity in graphite and of the changes induced by oxidation. In order to derive statistically significant results from these observations, microscopy techniques must be used in combination with automated image analysis. Together, these combined techniques are ideal for mapping the spatial distribution of pores and for obtaining statistical information on their size, shape, orientation etc as well. Such information might later be used for development of finite element analysis models of reaction and diffusion of the oxidant gas in the graphite microstructure, thus allowing a full and detailed description of the microscale phenomena that accompany oxidation of graphite. In a next stage, modeling of porosity development in the oxidation process could be appended to the existing models of crack development and mechanical failure under external stress.
Analysis of porosity development during oxidation of graphite is in a preliminary stage at this juncture. The results and observations reported here confirm the usefulness of optical microscopy enhanced with AIA technique for observation of oxidant penetration during oxidation at various conditions, and of the distribution of oxidized zones between the surface and the bulk regions of graphite specimens. Although on different grades of nuclear graphite, the results reported here for PCEA graphite correlate well with previous observations from the ORNL group [10] on development of non-uniform density profiles in oxidized specialty grade graphite (R4-650). The results are also in very good agreement with recent theoretical estimates advanced by ORNL researchers [13, 14] on penetration depth of the oxidant gas at quasi-steady state oxidation conditions. These results confirm one more time the validity of the chemically reactive oxidation zone proposed by Wichner and Ball (ORNL) [17] .
Based on the preliminary results presented above, it is apparent that the temperature of oxidation, along with the degree of weight loss, plays an important role on the apparent damage of mechanical properties upon oxidation. The differences are very well illustrated in Fig. 19 which shows four nuclear graphite specimens (in this case, NBG-18 graphite) oxidized at different temperatures to 15 % weight loss (reproduced from [18]) When the temperature of oxidation is high (above some 700 -750 o C for oxidation in air) the reaction is fast and oxidation is limited to surface corrosion in a narrow layer. This causes local dimensional and shape changes, but the oxidant does not penetrates deep in the bulk of graphite parts. Oxidation in this regime, limited by in-pore diffusion or mass transfer in the boundary layer, is expected not to affect the mechanical strength of large graphite block; however, because reaction is fast, prolonged exposure may cause significant dimensional reduction and structural damage.
On the other hand, oxidation at low temperatures is much slower, but the penetration of the oxidant is deeper. In the oxidized zone, which extends deeper in the mass of graphite, development of fine pores contributes to degradation of mechanical strength of the material. Referring to the Burchell fracture model [4] , two mechanisms may account for that: On one hand, opening of fine porosity in the oxidized graphite is expected to lower the critical value of the stress intensity factor, which is a specific property of the basic material (graphite particles) related to the amount of stress that can be applied before failure. On the other hand, the increase in the pore density by itself will favor initiation and propagation of defects. At equivalent degrees of weight loss, it is expected that graphite parts oxidized at low temperature have weaker mechanical strength than the surface-only corroded parts that have been oxidized at high temperatures. In the latter case the preferential oxidation of the binder causes visible surface damage and even some carbon dust (Fig. 19) .
CONCLUSION
Although in an incipient stage, the present study shows that the automatic image analysis technique applied to optical microscopy is a valuable tool for determination of porosity development in oxidized graphite. The method is quick, affordable, and convenient, and provides quantitative information at a statistically significant level.
In this study, a series of PCEA nuclear graphite specimens was oxidized at various weight loss levels and different temperatures. The oxidized specimens were sectioned and the cross section surface was examined by optical microscopy. Automated image analysis allowed identification of pores in the graphite structure based on their light reflectance properties. The newly created pores (identified as optical objects) were then analyzed on a statistical basis. The results agree qualitatively with the density profile measurements on oxidized graphite samples obtained by direct peeling of graphite, and with the theoretical predictions on penetration of oxidant as a function of temperature. The results demonstrate that uniform oxidation (at low temperatures) is accompanied by development of fine porosity (pores under 100 μm 2 area), while larger pores seem not to be sensibly affected. This information is useful for understanding the mechanism of pore development during oxidation and the consequences on the mechanical strength of oxidized graphite.
The AIA method should be further standardized and consolidated. The study of porosity development in graphite must be continued with multilevel statistical analysis of pore structures development as a function of weight loss and temperature. AIA technique allows for determination of numerous structural parameters of the pore network, such as orientation, shape, perimeter, location, connectivity, maximum and minimum length of pores etc. A consistent procedure for identification of these properties based on optical images must be defined. Observations at higher magnification (and with improved resolution) are also needed in order to differentiate between the properties of pores (size, shape, location, orientation etc) in the bulk and next to the surface of oxidized specimens. In addition, the use of other characterization techniques (X-ray diffraction, Raman microscopy) may reveal local details of the oxidation mechanism, for example by distinguishing between oxidized graphite filler and the matrix binder in the oxidized zones. For consolidation of the AIA technique, porosity characterization by the optical method should be complemented with quantitative information obtained from well established benchmark techniques for pore characterization, such as gas adsorption (BET method) and mercury intrusion porosimetry.
In conclusion, the results obtained in this preliminary, exploratory work demonstrate the usefulness of optical microscopy enhanced with AIA techniques for analysis of porosity development upon oxidation of graphite. The results correlate with direct observations from direct density measurements. On the long run, the method has the potential to provide microstructural information needed for better understanding and modeling of graphite oxidation effects on the structural integrity of nuclear graphite.
